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High-temperature annealing in electron-irradiated CdS t 
David C. Look 
Department of Physics, University of Dayton, Dayton, Ohio 45469 
(Received 18 July 1973; in final form 10 September 1973) 
The room-temperature irradiation of as-grown n -type CdS by I-MeV electrons results in an increase 
in carrier concentration. The damage anneals in the temperature range 250-300 'C, and a study of 
the annealing kinetics reveals an activation energy of about 1.3 eV which is attributed to 
sulfur-vacancy motion. 
It is known that room-temperature bombardment of 
CdS by electrons, ions, x rays, or neutrons results in 
lattice damage which affects electrical, optical, and 
thermal properties. Some of this damage is stable at 
room temperature and anneals only after heating above 
200°Cl - 4 ; however, to our knowledge, there have been 
no previous studies of annealing kinetics at these tem-
peratures. In this paper we describe isothermal-an-
nealing studies on electron-irradiated CdS, using HaU-
effect measurements. The discussion will be limited to 
two representative crystals, characterized by initial 
carrier concentrations, No==1015 and 1017 cm-3, respec-
tively. Consider a typical bulk n-type CdS crystal with 
Na"'10 15 cm"3. Upon electron bombardment at 1 MeV we 
expect to create S and Cd interstitials and vacancies 
(Sp Cdj, l's, VCd ' respectively). 2 Since the electron con-
centration N is observed to increase to greater than 1016 
cm"3 (after bombardment by about 1017 electrons), we 
assume that donors are being created faster than accep-
tors. (Another posSibility, the destruction of acceptors, 
could not account for an increase greater than the initial 
concentration of acceptors, about 1015 cm-3. ) There is 
good evidence that the interstitials are quite mobile at 
25°C 5 and thus they probably either annihilate with the 
vacancies or else move away to be trapped by sinks, 
such as dislocations. 6 After the irradiation, then, the 
dominant electrical defect should be the donor vacancy, 
i. e., the Vg.7 The vacancies in II-VI compounds are ex-
pected to be stable at 25°C, 8 although it has been con-
jectured that under a sufficiently strong attraction the l's 
can move a few lattice distances, so that Vg-impurity do-
nor complexes are possible. 9 
After bombardment by more than about 1017 electrons, 
N reaches a saturation value of about 2 xl016 cm"3 and, 
in fact, begins to slowly decrease with further irradia-
tion. This is probably due to the fact that above a cer-
tain Vs concentration a newly created Sj is almost certain 
to annihilate a Vs before it is trapped at a sink. However, 
the VCd acceptors will continue to increase slowly, 
causing N to decrease. It should be noted that in a chlo-
rine-doped sample (15 ppm) with No> 1017 cmoS, Nwas 
observed to decrease at all levels of bombardment. This 
could be due to the room-temperature Fermi level being 
above the created donor energy level in this sample. 
When the irradiated crystal is heated suffiCiently 
above 25°C, annealing can take place in several ways: 
(i) the isolated Vs can become mobile and find the trapped 
S/; (ii) the trapped S/ can break away and find the Vg; 
(iii) either mobile defect, but especially the Va might 
undergo temporary trapping at impurities or other de-
fects before annihilation. If (0 is the dominant process 
we might expect a kinetic equation of the formlO 
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dni ( E) (0 0 ) Tt==- voexp - kT zv nv-n/+n/ n i , (1) 
where nv (n~) and nj (n~) are the instantaneous (initial) 
concentrations of vacancy and trapped interstitials, re-
spectively, 110 is the jump frequency, and E the acti va-
tion energy of vacancy motion, v is the volume per lat-
tice site, and Z is the number of vacancy sites, sur-
rounding a trapped interstitial, from which a single 
jump toward the interstitial means certain annihilation. 
For Eq. (1) to be valid the Vs concentration in the im-
mediate vicinity of the trapped S/ must be the same as 
the average concentration in the whole crystal. 6 Al-
though this is certainly not rigorously true at all times 
we will still use Eq. (1) as a first approximation. For 
ni »n~ - n~, the solution to Eq. (1) gives a "second-or-
der" reaction: 
(2 ) 
Thus, a plot of nVn/ vs t should have a slope 
"'n~vozv exp(- E/kT). For an order-of-magnitude esti-
mate of IIoZV we may take 110'" 1013 sec-I, Z '" 10, and 
v'" 10-22 cmos to get IIoZV'" 10-8 • If we assume that there 
are few trapped S/ in the sample before irradiation, and 
that one new carrier is produced for each new S/ (or 
each new Vg), then N - No "'n j , where, again, No is the 
carrier concentration before irradiation. 
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FIG. 1. Additional carrier concentration, N - No, caused by a 
room-temperature electron bombardment, as a function of an-
nealing time at 250, 275, and 300 ·C. 
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FIG. 2. Additional carrier concentration at the beginning of the 
anneal, N(O) -No, divided by the instantaneous value, N(t) -No, 
as a function of annealing time at 250, 275, and 300 ·C. See 
text for explanation of plot. 
In Fig. 1 are plotted 250, 275, and 300°C isothermal 
annealing data for a sample of approximate dimensions 
10 x4 xl mm3, grown by vapor-phase deposition, and 
doped with about 20 ppm fluorine. The annealing was 
carried out in an argon atmosphere. For this sample, 
No == 4 xl015 cm,3, and these are typical annealing data 
for samples of approximately this concentration. 
In Fig. 2 is plotted [N(O) - No]/[N(t) - No] vs t and it is 
seen that each isothermal annealing curve has a region 
in which it approximately obeys second-order kinetics, 
i. e., Eq. (2). The activation energy can be determined 
by comparing slopes at two different temperatures. In 
this way we get E 250-275 "'1. 5 eV, E250-300 "'1. 4 eV, and 
E275_300 "'1. 3 eV, and vozv "'10'6_10'8, depending upon 
temperature. Since vozv is approximately what we esti-
mated earlier, and since the calculated E's are typical 
for vacancy motion, 6 we conClude that our model is 
reasonable. 
Toward the end of each anneal, when nj;$ (n~ -n~), 
Eq. (1) predicts an approach to "first-order" kinetics, 
i. e. , dn/dt a:. nj , leading to an exponential decrease in 
N -No. This appears to be happening, as seen in Fig. 1, 
for N -No$1015 cm,3, but calculations of E and vozv in 
this range are somewhat unreliable because of uncer-
tainty in No. At the beginning of each anneal the more 
rapid variation of N - No with t is probably due to high-
er-order exponentials Which are often found in diffu-
sion-limited processes. 6 
The variation of E with temperature would be expect-
ed if the vacancies were subject to temporary trapping, 
say at impurities. 11 In this connection it is interesting 
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to note that Vg-halogen complexes have been proposed 
before as an explanation of certain electrical proper-
ties in CdS. 12 However, low-temperature electrical 
measurements have not confirmed this situation in our 
sample. 
Additional light is shed on these matters by means of 
a quenching experiment, in which an unirradiated sam-
ple was heated above 325°C, the temperature at which 
N begins to increase rapidly. Subsequent cooling to 
300,275, or 250°C, and monitoring of N vs t, reveals 
annealing kinetics very similar to those in irradiated 
samples. If the dominant process for annealing after 
irradiation were Si breaking away from traps, above 
about 250°C, then we would expect that for annealing 
after quenching the SI would not undergo significant 
trapping at 300°C and we would observe an activation 
energy characteristic of the more mobile interstitial 
motion, i. e. , perhaps about 0.1 eV. Since the same 
E's are observed in both cases we conclude that they are 
probably characteristic of vacancy motion and that the 
interstitials remain trappped at 300°C 
Another standard method of data analysis is to use the 
relationship13 
-A(N -No)nexp(-E/kT). (3) 
where A is a constant and n is the order of the reaction. 
For (N -No) "'4-6 xl015 cm'3, this gives n "'1.7-2.2 for 
all temperatures and E within 0.1 eVof the values ob-
tained before. Thus, second-order kinetics seems to be 
a reasonable assumption over this range of N -No. 
If vacancy-impurity complexes are playing a role in 
the annealing, then we would expect this role to be less 
important at higher temperatures. 11 Thus, the values 
E ",1. 3 eVand vozv "'10~ are probably most indicative 
of the "bare-vacancy" motion. Further experiments are 
in progress to elucidate this matter. 
The author wishes to thank D'r. Jon M. Meese for 
many helpful discussions. 
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